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Abstract—The prevalence of thyroid nodules and thyroid
cancer was studied in the indigenous population residing on
Ebeye Island, Kwajalein Atoll, in the Republic of the Marshall
Islands. This island, centrally located in the nation, is home to
about 2570 of the nation’s population, many who have mi-
grated there from other atolls. The objective of the study was
to obtain thyroid disease rate statistics on as much of the
population as possible that was alive during the years of
nuclear testing and to test the hypothesis that described a
linearly decreasing prevalence of palpable nodules with in-
creasing distance from the Bikini test site. 1,322 Marshallese
born before 1%5 were given a thyroid examination using neck
palpation, fine needle aspiration biopsy, and high resolution
ultrasound imaging. Approximately 40~o of the total popula-
tion living on this island who are at risk from exposure to
radioactive fallout during the years 1946-1958 were screened.
Of that group, 815 were alive at the time of the BRAVO test on
1 March 1954. Two hundred sixty-six people with thyroid
nodules were found (32.6Yo ): 132 were palpable nodules
(16.2% ), and 134 were nodules that could be diagnosed with
ultrasound only (15.7% ). Prevalence of palpable nodules was
particularly high in men and women older than 60 y, in men
who were 6 to 15 y of age at the time of the BRAVO test, and
in women 1 to 10 y of age at the time of the BRAVO test. In 22
people, the clinical diagnosis was most likely cancer though
histopathological evidence was only available from 11 operated
cases. Of the 11 operated cases, 10 were cancer. Cancer
prevalence was particularly high in those women born between
1944 and 1953 (7/220 = 3.27.), i.e., who were children during
the early years of nuclear testing. The Ebeye data showed a
marginally significant correlation between palpable nodule
prevalence among women and distance to Bikini (r = –0.44,
p = 0.06). This report summarizes the clinical findings of the
thyroid examinations, the age distributions for nodular disease
and cancer, and examines the relationship between prevalence
of nodules and present day levels of ‘-+7CSin the environment
of each atoll.
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INTRODUCTION

THE U.S. atomic weapons testing program in the Pacific
conducted between 1946 and 1958 resulted in contami-
nation of a number of atolls in the Marshall Islands to
various degrees (Simon and Graham 1997). The most
serious radiation exposures were caused by early radio-
active fallout from the test, Castle BRAVO, a hydrogen
bomb detonated on Bikini Atoll on I March 1954. The
radioactive fallout was intense on the inhabited atoll of
Rongelap (175 km to the E of Bikini) resulting in thyroid
exposures estimated between 10 and 40 Gy for an adult
and between 50 and 200 Gy for a 1-y-old child (Lessard
et al. 1985). Lower exposures were received on the atolls
of Ailinginae (about 30Yc of the value at Rongelap) and
Utrik (about 10% of the value at Rongelap). The exposed
communities on these three atolls were evacuated, treated
for acute radiation illness, and provided with follow-up
medical care and cancer surveillance over the decades
since (Conard 1984; Adams et al. 1989). The most
significant long-term health effect in the exposed popu-
lation was an increased frequency of thyroid nodular
disease including thyroid cancer, which has been attrib-
uted to intake of short-lived radioiodines immediately
following the BRAVO detonation.

There is historical evidence to indicate that residents
of other atolls may have been exposed to radioactivity in
local fallout from the BRAVO test as well as from other
explosions. In particular, fallout data were collected on
Kwajalein Atoll (located about 400 km SE of Bikini)
using gummed film as part of the worldwide fallout
monitoring network of the AEC Health and Safety
Laboratory. Gummed film data (measurements of beta
activity collected within successive 24-h periods) during
the years 1954 through 1958 (Harley et al. 1960) show
that all eighteen of the large Marshall Islands tests (those
> I MT explosive yield) were detected at Kwajalein at
about 100 X the background radiation level (Simon and
Graham 1996). Presumably, other mid-latitude atolls in
the Marshall Islands received similar amounts of early
fallout as did Kwajalein.

The contamination on all of the atolls, consisting of
mainly 137CS, has recently been assessed by the Marshall
Islands Nationwide Radiological Study and reported
(Simon and Graham 1994, 1997) including calculations
of external exposure-rates and ingestion doses under
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various dietary scenarios. The radiological data indicate
that 10 of the 24 inhabited atolls or separate reef islands
have environmental levels of 137CS enhanced over the
level of global fallout received in the mid-Pacific region.
Many of these locations are only minimally enhanced in
137CS, which has not contributed any dangerous exposure
over recent decades. However, the extent of exposure of
the Marshall Islands population to radioiodine during the
testing years has never been assessed. Moreover, little
information exists about health consequences among
residents of the many atolls other than Rongelap and
LJtrik.

Only a single health effects study prior to this one
examined Marshallese at numerous locations from
around the Marshall Islands. In a report by Hamilton et
al. ( 1987) it was suggested that thyroid nodular disease,
as diagnosed by palpation of the neck, was frequent in
residents of many atolls from throughout the Marshall
islands. In that study, an increased prevalence was noted
at distances closer to the Bikini test site with a linear
decrease in prevalence with increasing distance. The
Nationwide Radiological Study (Simon and Graham
1996) and a Marshall Islands Government appointed
Advisory Panel (McEwan et al. 1997) recommended to
the Marshall Islands Government in 1990 that an inde-
pendent thyroid screening study should take place and
that the hypothesis of Hamilton be independently tested.
Subsequently, a nationwide thyroid disease screening
program was initiated to gather data useful for such an
evaluation and also for the purposes of advising the
Marshall Islands government on the current health situ-
ation with respect to thyroid disease. Of all the conditions
for which claims for damages are made to the Marshall
Islands Government, thyroid disease is the most common
and for that reason it is of interest to the Ministry of Health.

The specific objectives of the thyroid disease
screening program were ( I ) to examine and gather data
on the frequency of thyroid disease (both nodular and
cancerous conditions) and information about the subjects
residence history in as large of proportion as possible of
those Marshallese alive at the time of the BRAVO test
and during the years of atomic testing, (2) to advise the
Government of the Marshall Islands on the findings from
the medical screening program, and (3) to test the
hypothesis of Hamilton. The long term goals of the
investigators also include estimating thyroid radiation
exposures using historical and contemporary data.
though those analyses are still underway and are beyond
the scope of this report. The objective of this paper is to
report a summary of the medical findings from exami-
nations conducted on Kwajalein Atoll from January to
March 1993 and during follow-up examinations in 1996
and the results of statistical hypothesis testing of the
Hamilton hypothesis using the thyroid screening data.

METHODS

Location and study population
Most of the thyroid examinations were conducted in

the Ebeye Hospital, located on Ebeye Island in Kwajalein
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Atoll. Kwajalein, the largest atoll in the world, is cen-
trally located in the Marshall Islands about 400 km SE of
Bikini Atoll and is used as an U.S. Army missile test
range. Ebeye Island is located about 15 km N of the
Army base, which is the southern most island in the atoll.
Ebeye is home to over 12,000 Marshallese, about one
fourth of the total Marshall Islands population today. The
population of Ebeye is known from national census data
to be a mixture of former residents of atolls that are
located over the entire geographic range of the Marshall
Islands. Many of the people examined in Ebeye also
lived there at the time of the BRAVO test. The remaining
persons lived on 20 other atolls. Because Ebeye has jobs,
goods and services not existent on more remote atolls,
many Marshallese have migrated there for semi-permanent
or permanent residence. The population of Ebeye includes
Marshallese from a variety of locations throughout the
chain of atolls; therefore, it provided an excellent location
for the first phase of thyroid examinations.$

The main source of exposure of Marshallese is
believed by many to have been the BRAVO test; hence,
those Marshallese alive at the time of the test are usually
considered most at risk for radiogenic disease. In the
original design of this study, consideration was given to
using Marshallese born within 10 y after the testing era as
control subjects. They would be the only population
available that had been screened for thyroid disease and
were genetically and culturally similar to the exposed
population. Though not a perfect control group because
of differences in age, subjects who were born up through
the 10-y period following the testing era, i.e., with dates
of birth before 1968, were originally invited for exami-
nation. Although we sought persons in the age range
described, we did not reject anyone requesting a thyroid
examination.

After the original study design was implemented,
historic deposition data were located that influenced our
choice of primary study cohort. The gummed film data
collected during the Castle and Ivy series ( 1954–1958)
indicated there had been deposition of regional fallout on
Kwajalein from other large tests in the Marshall Islands,
thereby suggesting that Marshallese might have been
exposed from events other than BRAVO. Consequently,
all Marshallese who had already been examined and who
were itz-l~tero or alive any time during the weapons
testing years, i.e.. before the last test on 11 August 1958,
were considered at risk. The primary analysis reported
here, however, is for the cohort alive at the time of the
BRAVO test (termed as the Ebeye “BRAVO cohort”) so
that a comparison can be made with the study by
Hamilton et al. ( 1987). We have defined a group of
secondary interest as all those Marshallese who were
born before 1 March 1959. We have termed this group
the “End of testing” cohort or EOT cohort. Finally, those

$ A ~econd phase ~)f thyroid examinations were held In 1994 in

Majuro, the capital city, however, those data are no( reported here, The
second phase of examinations should not be confused with the
follow-up examinations of the Ebeye population in 1996 which are
discussed in this paper,
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individuals who presented themselves for examination
but who were born between I March 1959 and 31
December 1964, were termed the Ebeye “After testing”
cohort or AT cohort.

It was of interest in this study to attempt to deter-
mine if there was a relationship between prev~lence
among residents of each atoll at the time of the testing
and the location of residences. Because the testing period
lasted for 12 y, long enough to allow families to move
among locations, the issue of residence and exposure is
complex and requires a complete residence history and
dose reconstruction for each subject. Although such work
is in progress, in this report only the residence at the time
of the BRAVO test is examined and all analyses are
conducted with respect to that residence location. The
rationale behind this methodology is to make this com-
parison as consistent as possible with the methods of
Hamilton et al, ( 1987). in that study, residence location
was used as proxy variable for exposure to short-lived
radioiodines.

Examinations
The thyroid screening investigation was composed

of two components: a personal interview and a clinical
examination. The interview was conducted by Marshall-
ese assistants in their native language. The most impor-
tant data collected in the interviews were a complete
residence history from birth until the examination date, a
brief health history, a fertility history for women, and
brief data on food and diet preferences. The residential
history data were collected with the intent of later using
them in calculations to determine radiation exposure.

Each study subject was examined sequentially by
two endocrine surgeons highly trained in the use of
ultrasound and palpation. Each physician administered
either a palpation or ultrasound exam, and each was
initially blinded to the findings of the other as well as to
the interview findings. Physicians alternated in their
assignment to perform ultrasound or palpation.

The physical examination performed by one of the
two doctors incIuded a brief medical interview (with the
help of a translator), blood pressure measurement, and a
careful palpation of the neck. The second doctor per-
formed the ultrasound examination of the neck. II An

initial diagnosis was made in real-time. In addition, a
minimum of four pictures of the echograms of each
participant were recorded. When thyroid nodules were
found, additional pictures were taken and the size of each
nodule was measured in three dimensions. Our definition
of a nodule as imaged by ultrasound included all focal
abnormalities of the echo pattern that were larger than 2
mm in diameter though the minimum nodule size that
could be reliably detected was 4 mm.

The involvement of two physicians sometimes re-
sulted in differences between the clinical and ultr~sound
findings. When such differences occurred, it was the
policy of the study for the doctors to discuss their

II Equip!T)~,,t “Seal \\;Is tin ALOKA c~ho calller~l .SSD-121“”1 with
:17.5 MHz lllcch:illic~il scclor probe.

findings and to re-examine the neck of the patient again
in an effort to reach a consensus diagnosis.

Every participant who had a palpable thyroid nodule
was told in the Marshallese language that he or she had
a nodule and that a fine needle aspiration (FNA) biopsy
was recommended to determine its nature. In the biopsies
performed, only one puncture was made for each nodule
using a disposable 2 I G needle with a 12 mL syringe.
Because many subjects feared the pain from the punc-
ture, it was determined early in the study that multiple
punctures would likely reduce community participation.
For this reason, the biopsy was limited to a single
puncture. The aspirated material was divided onto four
slides and smeared. Two slides were stained with a
modified Papanicolau method and the other two slides
were stained with a modified Giemsa method. Staining
was performed in Ebeye within 72 h after the biopsy. All
slides were examined by (N. Kimura) in the Department
of Pathology of Tohoku University (Sendai, Japan).

In January 1996, three years after the first examina-
tions, a scheduled follow-up program was conducted in
Ebeye. Every person who was diagnosed in 1993 with a
palpable or non-palpable thyroid nodule was personally
invited by letter and by local radio announcement to
attend the follow-up clinic. Three goals were integral to
the follow-up study: ( 1) to provide reassurance to those
persons previously diagnosed of an abnormality that they
were not left without proper surveillance and medical
care; (2) to determine the progression or regression of
thyroid nodules with an emphasis of examining the
long-term behavior of non-palpable nodules; and (3) to
verify the 1993 clinical findings to the degree possible,
knowing that some nodules might have regressed while
new ones might have appeared.

The follow-up examinations began with an inter-
view by one of the investigators (KRT) using a Marshall-
ese interpreter. Special emphasis was placed on the
questions concerning the subject’s residence history. The
interview was followed by a clinical examination by two
of the doctors from the 1993 exams (TT and NN) who are
authors of this report.

All clinical techniques in 1996 were the same as in
1993, except for a modification of the policy with respect
to FNA punctures. About 3070 of the FNA biopsies in
1993 had not been successful because of insufficient
cellular material. In 1996, a temporary cytology labora-
tory was set up in the examination room for the purposes
of improving the rate of successful FNA biopsies. An
experienced cytologist checked the quality of the FNA
biopsy while the patient was still in the clinic and notified
the physicians when it was not successful so that a
second puncture could be made.

Statistical methodology
The crude and age-adjusted prevalence of all nodu-

lar goiters (nodular goiter and nodules are equivalent),
and palpable nodules only, was estimated for each atoll
based on the 1954 residence location of each study
subject (see Table 1 for data from the Ebeye BRAVO
cohort). Two standardization methods were used to
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correct for differences in age-distribution between the
groups: the direct and indirect methods. The estimates
obtained by the direct method reflect the prevalence of
nodular goiter in the index population when this index
population has the same age distribution as the standard
population. The age distribution of the entire population
on the Marshall Islands, as taken from the national
census (RMI 1989) was used as a standard. With indirect
standardization, the age-specific prevalence rates of the
standard population are applied on the age distribution of
the index population. Since no external source was
available, we took all the people born before 1 March
1954 and residing on those atolls southwards from
Jabwat in 1954 as the reference population. These atolls
were selected because the exposure of residents to radioac-
tive fallout was likely the lowest there of all the atolls.

With the direct method, the number of people in
each age group at each atoll of residence was often very
small with the result that the age-specific prevalence
rates were subject to large fluctuations. The use of the
indirect standardization method also had its shortcom-
ings because of the lack of a large reference population.
In spite of that, we chose to use the indirect method
because the age-adjusted prevalence rates showed less
fluctuation in comparison to the crude prevalence rates.

Various hypotheses were tested using the results of
both the screening data and the age-adjusted data. The
null hypothesis of no difference in crude prevalence
among the atolls (other than Rongelap and Utrik) was
tested by a Chi-square test. In an examination of possible
relationships between the age-adjusted rates and location
of residence in 1954, the prevalence data were plotted
against the distance between Bikini and the residence
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atolls. Correlations between prevalence and distance
were examined. Because the population size in 1954
varied dramatically among the atolls, the reliability of the
prevalence estimates also varied. Consequently, we
weighted the prevalence estimates by the inverse of the
group variance.

To examine the occurrence of nodular goiter in more
detail, a logistic regression analysis was conducted using
several variables as predictors: the dis~ance from Bikini
to the residence atoll, the variable &defined as the
angle measured clockwise between a W to E line dr~wn
through Bikini and a line from Bikini to the center of the
residence atoll—sex, age and the interaction term defined
by the product of distance and 0. The dependent variable
was the presence or absence of nodular goiter in the
individual. The data of distance and 6 are given in Table 2.

We also examined the relationship between the
age-adjusted prevalence and current data of the radiolog-
ical conditions at each atoll, For this purpose, we used
measurements of 137Cs in the environment that were
obtained during the years 1989 through 1994 by the
Marshall Islands Nationwide Radiological Study
(NWRS). These measurements were conducted on all
islands of the nation at least 500 m in length in all of the
29 atolls as well as the 5 separate reef islands. The
measurements included over 1,200 irr-.~itu gamma spec-
trometry measurements, collection and laboratory analy-
sis of more than 800 surface soil samples and more than
200 deep soil profiles. The results of the measurements
were compared with the levels of global fallout estimated
for mid-Pacific locations from published data on islands
nearby to the Marshall Islands. This comparison pro-
vided a measure of the degree of 137CS contamination

Table 1. Summary of prevalence data of Ebeye BRAVO cohort grouped by atoll of residence in 1954.

Crude Age-
Agc- C[P, odjusted 70,

Number Mean Benign Benign Crude adjusted p:dpuhle
Residence of age,

palpable
Female solitury multiple Malignant Thyroid- Yc,all 70, all nodules nodules

in 1954 people y v< nodules nudulei gt>itre cctomy nudules nodules CJnly mdy

Wotho
Rongelap
Ujae
Lae
Kwajalein
Likiep
Namu
Utri!i
Ailuk
Wotje
Ailinglaplap
Mejit
M~loelap
Nxmorik
Aur
Jaluit
Kili
Majuro
Arrrn
Ebon
Mdi
Totdl

7 55,7 57.1 p ()
II 52.9 54.5 1 ()
30 47,8 50 6 ()
23 50 52.2 7 ~

?,46 53.3 57.8 89 26
s~ 50.8 55,8 9 ~

17 50.7 58.8 3 ()
14 48.2 64,3 4 I
14 48,2 64.3 3 ()
17 51.7 88.2 5 I
77 5t.).3 58,4 21 ~

20 50.2 55 6 ()
15 50.5 46.7 I 1
17 46. I 52.9 () I
1() 47,2 40 () ()
47 48.5 68.1 5 5

I 43 I(m 1 ()
55 50,9 61,8 21 4
10 44,8 40 ~ o
2X 45.3 64.3 5 ()

4 44.8 75 () o
815 51.11 58.5 191 45

0
()
I
()

10
0
()
()
()
()
()
()
()
[)
()
I
()
2
()

()
15

() 28.6 24.3 14,3 12.8
4 45.5 40 36.4 31.4
I 26.7 26.4 13,3 11.3
1 43.5 46,6 26.1 24,5
4 37.> 34.5 18.5 18.9
() 21.6 2t).7 13,5 13.8
0 17.6 17.9 5.9 5.7
I 42.9 44,7 35.7 39
() 21.4 22.2 7.1 6. I
o 35.3 32.4 17.6 16.9
1 31.2 29.8 13 12.9
0 30 28.3 5 4.7
0 13.3 13,5 6.7 7.3
() 5,9 6.6 5.9 62

() () () o 0
1 25.5 27.8 I2.8 14.5
() 100 nla o ()
I 50.9 46.8 20 19.2
0 20 19,9 0 0
1 25 27.3 14.3 [4,4
o () () () ()

Is 32.6 nld 16.2 nlti
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Table 2. Atolls of residence in 1954 for subjects in Ebeye BRAVO cohort and Hamilton study and related information
used in hypothesis testing and Figs. 1 and 4.

A[olls Distance
represented Atulls in from Rotio total

in Ebeye Hamiltnn Bikini Angle O
Numbel-

‘“cs:global
Sludy study (hm) (0) tdllOLlt‘ ‘7CS

1 Ailinglaplap 574
~

51 1,25
Ailuk 505

3
15 X,15

Arno 833
4

35 I .6
Aur 73 I 29

5
1.3

Bikini () ()
6

1235
Ebon ,’ 855

7
64 1.1

Enewetak 350
8

177 295/975
Jaluit , 769 52

9

1,2

Kili 770 57
1()

1,2

Kwtijalein , 401 49 ~,(yl

II Lae v’ 305 74
1~ Li!iiep

I .65

, 453 24
13 Majuro

5.8
813 38

14

],~

Maloelap \ 683 25
15

I .4
Mejit , 609 12

16
7,35

Mili “’‘ 91X 39
17

I ,65
Namorik 7~~ I

18
65

Namu 463 54
19

I .4
Rongelap v I75 10 2 I()”

20 Ujae v~ 262 85
21

1,15
Ujelang 537

22
I57 2.55

Utrik v’ 472 3
23

16
Wothn , 1~~ 70

24

2,25

Wotie . 568 24 ?.85

“ North Kwajalein 2. 1–4.3, South Kwajalcin 1.()–’2,(); v;due of 2.() taken bec;mse ot’ population distribution
‘ Value derived from mea~uremerrts of’ Sou(h Rorrgelap.

above that expected from global fallout that originated
from nuclear weapons’ tests in other nations, e.g., Ne-
vada (USA), Russia, China, French Polynesia. and Aus-
tralia, as well as the Marshall Islands. The ratio of the
137CS deposited on the atolls from regional fallout (i.e.,
radioactive deposition that moved directly from Bikini
and Enewetak Atolls without global circulation) to that
from global fallout is given in Table 2 (as adapted from
Simon and Graham 1994).

The ratio of regional to global fallout deposition was
specified in Simon and Graham ( 1994) as a range
because of spatial variation and measurement and esti-
mation uncertainty. We used the mean value of the
reported range as an independent variable to investigate
relationships with the occurrence of nodular disease. The
mean value of the ratio should be understood to only be
a measure of the long-lived radioactive component that is
in excess of that ex ected from global sources. Because

?37the exposure from Cs and other long-lived radionu-
clides is not specific to the thyroid gland, this measure of
radioactive contamination can only be used as a proxy
variable to the short-lived radioiodines; however, it may
be more relevant than distance from Bikini.

Two different associations were examined usin the
5‘37CS data: ( 1) the relationship between the excess 1-7CS

deposition and the distance from Bikini Atoll; and (2) the
prevalence of both total number of nodules and of
palpable nodules and the mean excess 137CS ratio for
each atoll in which study participants lived in 1954.

Assumptions for the various statistical tests were
examined to determine the reliability of test results.
These inspections included use of the Shapiro-Wilks’ test
to examine normality of variables used to determine
correlations. In some cases, the Spearman correlation
coefficient, a non-parametric equivalent of the Pearson
correlation coefficient, was also estimated. Assumptions
necessary for reliable regression were also examined
including inspection that the prediction error was unre-
lated to the predicted value.

RESULTS

Population and summary disease data
Between 15 January and 5 March 1993, 1,368

persons were examined; among those were 1,129 born
before 1965. In the follow-up examinations held in
Ebeye in early 1996, an additional 193 Marshallese born
before 1965 were examined. Of the Marshallese exam-
ined in Ebeye in 1993 and 1996, 815 were born before
the BRAVO test on 1 March 1954. These 815 persons
defined the Ebeye BRAVO cohort and prevalence data
derived from that group were used to test the Hamilton
hypothesis. Of the Marshallese examined in Ebeye, there
were 1,062 born before the end of nuclear testing in the
Marshall Islands; that group defined the EOT cohort.
There were an additional 260 individuals born after the
end of nuclear testing and they defined the AT cohort.
Table 3 summarizes the disease statistics for the three
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cohorts although only statistical hypothesis test results
for the BRAVO cohort are reported in this paper.

Of the 815 who fit the age criteria for the Ebeye
BRAVO cohort, there were 338 males and 477 females;
the ratio of male to female was 0.71:1. The minimum age
by definition for inclusion into the Ebeye BRAVO cohort
was 38 y; the mean age of the participants was 51.1 t
I().4 y.

In the Ebeye BRAVO cohort, there were 191
(23.4%) persons diagnosed as having a benign solitary
nodular goiter and 45 (5.5Yr) as having a benign multiple
nodular goiter (see Table 3). In addition, 15 persons
(1.8%) had thyroid cancer. The prevalence of nodular
goiter for the entire population was 32.67c.

In the Ebeye EOT cohort, there were 230 (2 1.7%)
persons diagnosed as having a benign solitary nodular

Table 3. Diagnostic results of Ebeye BRAVO cohort, Ebeye EOT
cohort and Ebeye AT cohort. Absolute numbers and prevalence
rates (70).

Fem~les
Males (%) ((k) Tot;il (7 )

BRAVO cohort

Benign s(]litilry nodular 6’2 ( 18.3) 129 (27.()) 191 (23.4)
goiter

Benign mul[iple mldulur 12 (3.6) 33 (6.9) 45 (5,5)
goiter

Thyroid cancer 5(1.5) 10(2,1) 15(1,8)
Previous thyroidectc]rny 3 (().9) 12 (2.5) 15(1.8)

[wlc:mcer] [()] 131 [3]
Total nodular goiter 82 (24.3) 184(38.6) 266 (32.6)

[piilpable nndules only. ‘kl 138, I 1.2%] 193. 19.5% I [131, 16.1[%I
TOIZ1cases of cancer” 5(1,5) 13 (2.7) 18 (2.2)
Size of study population 338 477 815

EOT cohort

Benign snlitary nodular 69(16.1) 161 (25.4) 230(2[.7)
goiter

Benign multiple n(~dultir 12(2,8) 4[ (6.5) 53 (5.())
guiter

Thyroid c:mcer 5(1.2) II (1.7) 16(1.5)
Previous thyr(lideclmny 4 (().9) 14(2.2) 18(1.7)

[w/cancer} [()] [31 131
Tot~~lnn(tulur goiter 90(2 I .()) 227 (35.9) 317 (29.8)

[pulpiihle nodules unly, %] 140, 9.3%] [1 12, 17.7’}} 152, 14.3%1
Tottil cases of cunccr” 5(1,2) 14 (2.2) 19(1,8)
Size of study population 429 633 I062

AT c[}h<~rt

Benign solit~ry nodulur 4 (4.3) IX ( 10.8) 22 (8.5)
goiter

Benign multiple rn)dul~tr 1(1.1) 4 (2.4) 5(1.9)
goiter

Thyroid cancer 4 (2.4) 4(1.5)
Previous thyroidectomy 1 ((),6) 1 ((),4)

[w/cancer] [()] [01
Tntfll nodulor guiter 5 (5.4%’) 27 (16.2) 32(12.3)

[palp:ible nodules nnly, %] [()] [11,6.6%1 [11,4.2%}
Totul ca~es 01 cancer” 4 (2,4) 4(1.5)
Size of study pupulotion 93 167 260

“ Total cases of cancer = number of diagno~ed cunccrs + czncers in
previnu~ thyrnidectomies.
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goiter and 53 (5.0%) as having benign multiple nodular
goiter (Table 3). In addition, 16 persons ( 1.5%) had
thyroid cancer. The prevalence of nodular goiter among
the entire cohort was 29.87.. In the Ebeye EOT cohort,
the number of disease cases was larger than in the
BRAVO cohort presumably due to the additional persons
who qualified for inclusion in the EOT cohort. The
prevalence in this cohort, however, was slightly lower
than in the BRAVO cohort. The prevalence of nodular
disease in the AT cohort was very much lower although
the crude prevalence of cancer was not greatly different
for women. Because the number of people examined in
the AT cohort was significantly less, there were corre-
spondingly less cases and, consequently, the disease rates
are more uncertain.

Palpable nodules
In the 1993 phase of the study, there were 1,275

Marshallese examined who were born before 1968. Of
that group, 68 individuals had palpable nodules upon the
first physical examination. However. 8 of those were not
confirmed by ultrasound performed immediately ufter
the physical examination. Conversely. after determining
the presence and location of a nodule by ultrasound, a
second palpation of the patient (supine position with
hyperextended neck) revealed an additional 63 palpable
nodules. Thus, the total number of palpable nodules was
determined as 68 – 8 + 63 = 123 ( 123/1275 = 9.7%).
The number of cases of nodules identified only by
ultrasound (i.e., not-palpable even after a second physical
exam) was 15 I ( I I .890), The ratio of non-palpable to
palpable nodules was 1.24:1, and the total number of
nodule cases was 274 (2 1.5Ye). The crude prevalence of
palpable and non-palpable nodules by year of birth for
participants in the Ebeye study is summarized in Table 4.

Of the 123 subjects with palpable nodules, 121 had
a FNA biopsy: two refused. The success rate of FNA
slides was 70~c, disappointingly low. In most cases,
failure was due to insufficient material aspirated during
the single pass through the thyroid, however, in some
cases, the quality of the staining was also to blame.

At the follow-up examination in 1996, we sought to
re-examine all of the 274 nodule cases identified in 1993.
However, in the intervening 3 y, 16 persons of that group
had died (in no case was thyroid disease an obvious
factor contributing to death), 11 had moved out of the
Marshall Islands, and 20 had moved to other atolls and,
therefore, had no opportunity to attend the follow-up
clinic. Of the remaining 226 people with a nodule
diagnosis, we re-examined 192 (85% of those remaining,
707. of the original group),

The same methods and equipment were used as in
1993 except for the improvement in obtaining FNAs.
Using the on-site cytologist at the follow-up exams. we
performed 84 FNA biopsies of previously assayed pa-
tients and achieved a 96YP success r~te for satisfactory
slides.

Two of the goals of the re-examinations-confirtn-
ing the 1993 findings and a study of the progression or
regression of thyroid nodules—were viewed os closely
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Table 4. Prevalence of palpable tind ntm-palpable nodules and of suspected thyr(>id cancer in different birth cohorts.

Number of N(Jr~-p;~lpab[e P~lpahle Su\pected
Year of birth subjects nudules (70) nudules (7( ) cancers (Yc)

M~le\
<1923
1923–1928
1929-1933
1934-1938
1939-1943
I944-1 94X
1949-1953
1954-1958
1959-1963
I964- I968
> I969
M~ile\ h(m) before 1969
Fem*les
< I923
1923-1928
1929–1933
1934-1938
1939-1943
I944– I948
I949- I953
1954–195X
1959- I963
1964–I 968
>1969
Fenlales burn hcfurc 1969
Total <1969

related. By comparing the 1993 and

36
20
28
20
33
57
97
68
74
73
20

506

996 examination
findings f~r at l~ast ~ subset of the study participants,
data could be collected for both purposes. Upon re-
examination in 1996, some changes in diagnoses were
evident as compared to the 1993 findings, though, in
general, the original diagnoses were confirmed. We
believe that the different diagnoses in 1996 are evidence
of changes in the individual’s pathology during the
intervening period rather than mistaken diagnoses. Table
5 shows the changes in diagnoses in a group of 306 study
subjects who were examined on both occasions. In this
subset of the 1993 study population, there were roughly
equal numbers in the palpable, non-palpable (only ultra-

Table 5. Changes in thyroid nodule diagnoses between first
examinations in 1993 and fc)llow-u~ examinaticms in 1996.

1993 N{). 1996 N(). 1996 total
Ctitegury cuses cases (net ch~nge)

Pfilpahle
nudule

NtJn-palp~hle
nndule

Nu nudule

95

97

I 14

1

1

1

102 (+7.4%)

97 ( to%’)

107 (–6.1%’)

Totnl = 306 Total = 306

14 (38.9)
3(15.())
2(7.1)
I (5.())
I (3.())
3 (5,3)

12(12.4)
4 (5.9)
3(4,1)

2 [2.7)
()
()

14 (38.9)
6(1X.8)
6(15,8)

10(21,3)
12(26.1)
15(15.2)
10 (8,3)
21 (15.8)
10 (8.8)
2(1.9)

()
()

151 (11.8)

6(16.7)
I (5.())
3(10.7)
2 ( 10.())
7 (21.2)

6(10.5)
2(2.1)
~ (2,9)

()
()
()
()

6(16.7)
7 (21.9)

I I (28.9)
7 (14,9)
-t (8.7)

12(12.1)
22(18.2)
13 (9.x)
6(5.3)
6 (5,8)

()
()

123 (9.7)

2 (5.6)
()
()

I (5.0)
2(6.1)

()
I ( l,())

()
()
()
()
()

3 (8.3)
()
()
()
()

? (2.())
5(4.1)
I (().8)
2(1.8)
3 (2,9)

()
()

?.2 (1.7)

20s

sound detection), and no nodule categories: 95, 97, and
I 14, respectively.

Of the 95 palpable nodule cases in 1993, 84 (88%)
remained palpable in 1996. Three of the 95 cases (3.27G)
were not detectable by any means in the follow-up exam,
and 9 cases (9.370) became detectable by ultrasound
only. Of the 97 cases with a non-palpable nodule in 1993,
74 (77%) remained non-palpable in 1996; 9 of the 97
cases (9.3 Ye) showed no evidence of a nodule in the
follow-up exam; but 14 cases ( 14.67c) had developed
into a palpable lesion. Of the 114 cases who had no
nodule in 1993, 15 ( 13.27c) were found to have a
non-palpable nodule in 1996 and 4 (3.5Yc) were found to
have a palpable lesion.

The r~tes of palpable nodules within all three co-
horts are of interest for the purpose of intercomparison as
well as for comparison with other studies. Summary of
all the Ebeye data (see Table 3) show that nodules were
found by palpation of the thyroid gland in 131 persons
from the BRAVO cohort (13 1/815 = 16.1 %), 152
persons from the EOT cohort ( 152/1062 = 14.3%), and
1 I persons from the AT cohort ( 11/260 = 4.2%). The
ultrasonography found nodular goiter, which was not
palpable in a total number of 134 persons ( 16.4%) from
the BRAVO cohort, 165 persons ( 15.5%) from the EOT
cohort, and 2 I persons (8. 17r) from the AT cohort.

Cancer diagnoses
Clinical diagnoses of cancer were made, where

possible, in all examinations. In 22 study subjects diag-
nosed with palpable nodules in 1993, the ultrasound
image was suggestive of cancer or large follicular ade-
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only 1I of the 12 operated cases. Table 6 lists these cases
together with the results of the 1993 FNA biopsies or the
histopathology where available. Of the eleven operated
in 1994, there were 3 follicular carcinoma. 5 papillary
carcinoma, 2 micropapilhtry carcinoma, and 1 adenoma-
tous goiter. One additional case was operated in Hono-
lulu in 1996, and it was also papillary cancer. In view of
the precision of the ultrasound diagnoses and the im-

nomas, which by ultrasound imaging are indistinguish-
able from follicular thyroid cancer. We used the diag-
nostic criteria published by the Japan Society of
Ultrasonics in Medicine ( 1992) with particular emphasis
placed on boundary posterior echo, shape and prethyroid
muscle echo (Suzuki et al. 1994).

Twelve of the 22 cases were operated in Majuro
although histopathological verification is available in

Table 6. Ultrasound findings, FNA results and histopaih(]]ogy of suspected and confirmed cancer cases.

Ultmsmnrd FNA results FNA results
10 sex Age Cohort findings 1993 1996 Histoptithulogy Clinicol status

~

F

F

F

F

F

F

F

F

F

F

F

F

F

F

F

M

M

M

M

M

M

24

29

29

31

31

39

39

40

42

46

57

66

71

71

71

73

39

40

53

55

56

75

AT

AT

AT

AT

AT

BRAVO,
EOT

BRAVO,
EOT

BRAVO,
EOT

BRAVO,
EOT

BRAVO.
EOT

BRAVO.
EOT

BRAVO,
EOT

BRAVO.
EOT

BRAVO,
EOT

BRAVO,
EOT

BRAVO,
EOT

BRAVO.
EOT

BRAVO,
EOT

BRAVO,
EOT

BRAV(),
EOT

BRAVO,
EOT

BRAVO.

suspicious nt’
cancer

insufficient230 tullicul~r
d..1 Lnoma

NIA

N/A

N/A

N/A

N/A

ft)llicular
udenoma

NIA

adenumatuus
goiter

N/A

Iu]licular
adcn(nna

puplllary
cunccr

popillary
cancer

N/A

t’{)llicular
aderrclmu

NIA

N/A

NIA

N/A

adenomiituus
goiter

surgery delerrcd
due to
pregmmc y,
planned ftlr
1996

upcrutcd M~ljum
1994

(lperated M;~jum
1994

upemted Maj uro
1994

uperuted Mujum
1994

upemted
Honolulu 1996

deferred t’or acule
medical
problems,
planned ft)r
1996

upcratcd Maj um
1994

inoperable fur
medical
reasmrs

opemtcd Muj um
1994

surgery deferred,
pltinncd f(lr
1996

innpemblc for
medical
retisnns

irrupemhlc for
medical
re:isons

inupcr~lblc for
medic:il
reasons

upcratcd Majum
Igc)~

growing

(~pcrutecl Majuru
I994

opemted Miijuru
I994

opemted Majuro
I994

opemted M~ijuro
[994

growing despite
T4 ther~py

died t’rmn

1()(17

273

123

suspicious of
cancer

scrspici~)us of
cancer

lllrge fc~llicular
neopldsm. 60
mm

suspicious of
c:mccr

suspicious Uf
c;mccr

20 mm Iolliculfir
ne(~plusm

pupill[lry cimccr

plpillary cimccr

t’ullicu]ilr tumor

micropapillary
cancer

papillary cuncer

Iollicultir c~ncer

8X5

1273

877

insufficient t’ullicular cancer

papillary cancerinsufficient

fc)lliculur
ne(~plasm

1112

50 I

suspicious of
ctincer

suspicious of
cancer

papillary cancer

insufficient

papillary cancer

suspicious uf
cancer

suspicious ut’
c;mcer

insufficient

papill~iry cancer

papillary cancer

792 30 nlm fullicu]ar
ncuplasm

in~ufficient

293 suspicious of
c:mccr

papill;iry c;mcer

315 suspicious of
cancer

insufficient

22{

83

756

799

576

609

272

995

suspicious 01
cancer

large t’ollicular
neoplasm

suspicious of
cancer

I:irge follicular
neoplasm

suspicious 01
cancer

suspicious t~t’
c;mcer

35 mm fu]licular

follicular
net)plasm

insufficient

Iollicular cimcer

insutTicient micmplpillary
cancer

adenotn~~tous
goiter

papi II~ry corrcer

Iullicular
adentnnil

adcnum:]tous
goiter

adennm:ltous
g(liter

papill~lry c;mcer

pflpill:iry cancer

50 mm lollicultir follicular
EOT nc~)plasm unrelated cause
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proved FNA data of 1996, there is evidence to indicate
that the total number of cancers in this study group is
about 15 or 1.2% ( 15/1 275) of the Marshallese examined
or about 12Yc ( 15/1 23) of all the palpable nodule cases
we investigated.

Fifteen study participants in 1993 had a neck scar on
their first examination that revetiled that they had been
previously operdted for thyroid disease. Historical
records indicated that two of the fifteen were members of
the Rongelap community who had been directly exposed
on Rongelap to the BRAVO test fallout and who had
been operated on for thyroid adenomas more than 25 y
earlier.

In order to estimate the total cancer rate in this
population, the cancers among those previously operated
have to be added to those confirmed in our study. An
extensive search for histopathology reports in the medi-
cal records in the hospitals of Ebeye and Majuro for the
15 earlier operated cases provided evidence that there
were two thyroid cancers and one case of occult papillary
cancer in adenomatous goiter. Therefore, for further
calculations we assume that the total number of thyroid
cancers in our study population (1? = 1,322) is between
15 and 20, i.e., 1.1 to 1.570, All but 3 occurred in women;
thus, the frequency in female Marshallese is approximately
2%. One of the cancer patients we investigated had been
exposed to early Fallout of the BRAVO test on Rongelap.

Hypothesis testing
A number of statistical tests were conducted specific

to the objectives outlined earlier. To test the hypothesis
that there was no difference in prevalence of thyroid
nodules among the atolls, a Chi-squared test was carried
out. All atolls were used with the exception of Rongelap
and Utrik and three atolls (Kili, Mili and Wotho) where
the number of persons was less than 10. The null
hypothesis was not accepted (xI = 34.9, df = 15, p <
().()()3).The rejection of this hypothesis prompted further
examination into the differences between the atolls and
to determine whether there was evidence for a functional
relationship between prevalence and distance.

The age-adjusted prevalence were plotted against
the distance to Bikini for the total number of nodular
goiters and for palpable nodules only. This examination
wis conducted for the data of both sexes pooled as well
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as the data for men and women separately. The preva-
lence were weighted as described earlier. The correla-
tions are listed in Table 7.

There were several unexpected results from these
analyses. The correlation of age-adjusted prevalence with
distance from Bikini for all nodular goiter with both
sexes pooled was not significant for the atol Is repre-
sented in the Ebeye study (r = –().29, p = 0.12)but had
a higher correlation and attained marginal significance
for the atolls used by Hamilton (r = –0.43, p = 0.07)
(see Table 2 for a listing of the atolls used in the Ebeye
study and the Hamilton study). Furthermore, the corre-
lation of age-adjusted prevalence with distance from
Bikini for all nodular goiter in males was significant (r =
–0.44, p = 0.04) but was not significant for females (r =
–0.18, p = 0.25).

The correlations for palpable nodules differed from
the case of all nodular goiter. The relationship with men
and women pooled was close to significance for the
Ebeye atolls (r = –0.37, p = ().06) and the atolls used by
Hamilton (r = –0.43, p = 0.08). Fig. 1 shows a plot of
the relationship between palpable nodules and distance
from Bikini. The key to the numbered atolls in this figure
is provided in Table 2.

In order to examine the occurrence of nodular goiter
in more detail, a logistic regression analysis was con-
ducted. As in Hamilton’s study, the variable 6 was
initially included in addition to distance to better define
the location of each residence atoll with respect to Bikini
(see Table 2). The logistic regression was first run with
all prediction terms, thereafter sequentially eliminating
those with p-values greater than 0.10. The analysis was
carried out for the four combinations of all nodular
goiters, palpable nodules only, atolls from the Ebeye
study and atolls from the Hamilton study.

In the analyses that we conducted, neither the
interaction term between 0 and distance or the indepen-
dent variable 6 were statistically significant. In the
regression model using data for all nodular goiters, the
variable distance was not significant and, therefore,
excluded. However, distance maintained significance for
the Hamilton atolls. For the analysis of palpable nodules
only, distance remained in the model for both the Ebeye
atolls and the Hamilton atolls. The variables sex as well
as age were both significant predictors of the presence of

Table 7. Correlations between age.tidjusted nodule prevalence and distance from Bikini, Correlation
coefficients are Pearson’s r (weighted) except where noted in brtickets [. ..] which are Spearman’s r
(unweighed). Atolls arc either: ( 1) all the residence atolls in 1954 fc>rsubjects in the Ebeye study, or (2) all
the residence atolls in 1954 for subjects in Hamilton et al, ( 1987) study.

Diagnosis Atolls

All nodulur goiter those in Ebeye study
All nodultir goiter those in Hamilton study
All nodular goiter those in Ebeye study
All nodulur goiter those in Eheye study
Palpable nodules only those In Ebeye study
Palpable nodulci only those in Hanlil(on study
Palpable nodules only those in Eheye study
Palpoble nodules only those in Eheve study

Sex

M&F
M&F
M
F
M&F
M&F
M
F

–().29[ –().341
–().43[ –().38]
–0.44
–().18
–0.37[ - ().45]
–().4?( –().41 ]
–().14
– ().44

/)-\alue

(),12[().141
().()7[0.191
(),()4
().25
().()6[().(M]
().()8[().14]
().32
(),()6
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Fig. 1. Age-adjusted prevalence of palpable nodules as a function
of distance (km) of residence ;ito]ls in 1954 from Bikini Atoll. All
atolls of Ebeyc study are included. Atoll idcntificution numbers
refer to Table 2.

nodular goiter in general and for the presence of palpable
nodules. For sex, the odds ratio (female to male) varied
from 2.02 to 2.24 within the four variable combinations
examined. These findings are summarized in Table 8.

DISCUSS1ON

Most previous population screening programs to
detect nodular thyroid disease, e.g., the follow-up of the
exposed Marshallese by medical teams organized by
Brookhaven National Laboratory (Conard 1984; Adams
et al. 1989) and the study of Hamilton et al. (1987) have
used palpation of the neck as the primary criterion of
positive findings. The development of high resolution
ultrasound equipment permits the additional means for
objective and precise thyroid and nodule size determina-
tion and the ability to photographically document abnor-
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realities for later study. One of the achievements of this
study was establishing the capability and value of using
ultrasound in a large scale study and in remote and
primitive environments. Some of the examinations in this
study were conducted on remote islands without central-
ized electrical power. Using a portable gasoline powered
generator as small as a few kW power, ultrasound was
used in the field without any reduction in diagnostic
qutility. Whereas the advantages of this method are
several, there remains the question of the clinical impor-
tance of nodules that are not palpable.

Several findings of the clinical examinations were
noteworthy. First, non-palpable nodules tended to be
smaller than palpable nodules: the median diameter
being 7.5 mm for non-palpable compared to 16 mm for
palpable. The size distributions of the palpable and
non-palpable nodules, however, showed considerable
overlap (Fig 2), For example, 2070 of palpable nodules
were smaller than 10 mm diameter while 2090 of non-
palpable nodules were larger than 10 mm.

We defined the palpability of thyroid nodules to be
the proportion of all nodules detected by ultrasound that
were also palpable. The palpability increased only very
slowly with increasing size as measured by ultrasound
(Fig. 3). Furthermore, in 52 women who had nodules of
9 to 12 mm diameter, 40% of which were palpable, there
was no correlation of palpability with a body mass index.
In this group, palpability of nodules for obese women (17
of 28 cases) was similar to that for normal and slim size
women (15 of 24 cases). Although neck size and the
amount of adipose tissue over the thyroid is often
speculated to be related to the difficulty in palpating a
nodule, those generalizations were not well supported by
our observations.

The ease of palpation of u nodule is determined
partially, but not exclusively, by the size of the nodule.

Table 8. Results of logistic regression, independent variables with {J < ().1(),

Atoll\ of Ebeye study Atolls of Hamilton study

All llOdU]CS P~lpuble nodules only All nodules Palpable nodule~ only

Age
Coefficient ~
/j-vtilue
Standard error
95% confidence inlervll on ~
Sex
Coefficient ~
/}-value
Stand;trd error
95% confidence intervll on ~
Distance
Coefficient ~
[)-value
Stnndord error
95% confidence interval on ~
Constant
Coefficient ~
p-value
Sttindtird error
95% cent’idence inlerv;d on ~

().()437
<().( )(M)()

(),()()74
().()294).()59

(),769
<().(M)()

2.16
I ,56-3,()()

ns
ns
ns
rrs

– 3.464
<0.()()()

().4228
–4.31/-2.618

().()215
().()19
(),()()9I

().()()34).()4

(),7()2
<().()()1

2.02
I .33-3,07

—

–().()()1
().()84
(),()()()6

-().()()24),()(M)

– 2.706X
<(1,000”

(1.626
3.1)59/– 1.455

().0422
<().()()()

(),()()84
().()254).()59

().8()6
<(),()()()

~,~4

I .54–3.26

–(),()()12
().()4
().()()()6

–(),()()24),()()()

–2,8632
<(),()()()

().574
–4.01 1/–1.752

(),0273
(),()()7
(),()1

().()()74).()47

().723
().()()2
2.06

1.29–3.29

–(),()014
().()73
(),()()()x

–(),()()3< ),()()()

–2.853
<0.()()()

().7()I2
–4.255/-l.45l
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The probability of a successful p~lptition does incre~se
with nodule size though there are tilso other importunt
Factors including the specific ana[omy ofeach patient’s
thyroid, neck, and skin as well as the experience and

expectationsof the examiner. Although the experience of
the endocrine surgeons who made the examinations was
very extensive, false positive and false negative judg-
ments sometimes occurred. For example. about 1290 of
nodules palpated during the first examination proved to
be non-existent on ultrasound imaging. On the other
hand, the number of palpable nodules doubled after the
examiner had learned about the presence and approxi-
mate location of a nodule from ultrasound. For this
reason, we suggest that in addition to clinical investiga-
tion and palpation, high resolution ultrasound imaging is
an important addition to accur~tely determine the nodule
prevalence rate in a population that is undergoing screen-
ing. The size and the structure of a thyroid nodule is
probably more important in regard to its clinical impact
than its palpability; however, repeated follow-up of this
group of patients will be needed to resolve this question.

Comparison of our 1993 and 1996 findings demon-
strate that the original diagnoses were generally verified.
The number of individuals in the non-palpable category
did not change over the 3-y period though there was
some cross-over of individuals between categories (see
Table 5). During the 3-y interval. the palpable and no
nodule category were tibout equally stable though the
change in number of palpable nodules was towards an
increase ( +7ck ) while the change in number of cases



without any nodule was towards a decrease ( –6Yo). On
an individual basis, a non-palpable nodule was most
likely to change (24% changed category), a no nodule
case was somewhat less likely to change ( 17Yc changed
category) and a palpahlc nodule was tbe most likely to
remain the same (only 1()~ changed category).

Approximately 9% of the non-palpable nodules
disappeared during the 3-y interval (usually cystic le-
sions of less than 6 mm diameter), and about 9% of
palpable nodules became non-palpable. Whereas these
numbers may give some indication of the potential error
range of the findings of screening programs, particularly
those conducted over several years time, a more detailed
analysis of the echo patterns is required before we can
identify structural features that predict progression or
regression of palpable or no]l-palpable nodules.

The prevalence of palpable nodules we observed in
Ebeye ( 16.2Yc) was about twice that noted by Hamilton
et al. ( 1987) (6.2Yc crude prevalence rate). Assuming that
the population on Ebeye in 1993 represented a similar
cross-section of the population of the Marshall Islands as
when Hamilton examined the population 8 y earlier,
either the prevalence had significantly increased during
the elapsed time, or there were significant differences in
diagnostic sensitivity of the two studies. The latter
explanation is suggested by the high proportion of
thyroid nodules that could only be palpated after they had
been diagnosed by ultrasound first. This fact alone could
explain tbe differences in numbers of detected nodules
bet ween the two screening programs and further empha-
sizes the usefulness of ultrasound to determining an
accurate assessment of palpable nodular disease within u
population.

Fine needle aspiration biopsy of palpable nodules
remains the gold standard of diagnosis for nodules.
However, in this field study, which routinely oper~ted
under tropical and sometimes primitive conditions, the
rate of insufficient material or insufficient staining was
high. On the other hand, even under these difficult
conditions, the accuracy of the ultrasound diagnosis of
cancer was >90Yc, remarkably high as judged from the
agreement with the histopathological evidence from the
operated cases.

In 4 cases in 1993 that were suggestive of cancer by
the ultrasound examination but that were not operated.
FNA was able to provide a cytological diagnosis in 1996.
A strong Iikelihood of cancer was noted for 2 cases and
follicular adenoma in I case. In the 4 cases that were
diagnosed by ultrasound as follicular adenoma, 3 were
diagnosed by FNA as adenoma. In 2 of 42 cases where
the ultrasound diagnosis in 1993 was adenornatous goi-
ter, FNA biopsy in 1996 was indicative of cancer.

Taking histological or cytological diagnosis as a
criterion, sensitivity of ultr~sound diagnosis was 87Yc
and specificity was 96Yc. Overall, these data demonstrate
that in the hands of experienced physicians who make
their diagnosis during the conduct of the examination,
ultrasound is nearly equivalent to FNA biopsy in its
ability to determine the nature of a thyroid nodule.
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Comparison with cancer rates elsewhere
The thyroid cancer r~te in our study was not dissim-

ilar to that observed in 2,587 atomic bomb survivors in
Nagasaki where 2 I cancers were reported (().870) com-
pared to I in 935 ((). I Yo) unexposed persons (Nagataki et
al. 1994). A cancer rate in unexposed adult women
screened in Kamaisbi, Japan. was ().6Yr (Takaya et al.
1982), intermediate to the Nagasaki control and exposed
population rates.

Cancer statistics from different countries suggest
great differences in thyroid cancer incidence (lARC
1992). In particular, rates are high among island popu-
lations (Henderson et al. 1985: Kolonel et al. 1990;
IARC 1992) including Hawaii, Iceland and New Zeal-
and. For example, one of the highest reported rates is for
Filipinos living in Hawaii (Goodman et al. 1988); thyroid
cancer among that group accounted for 2.77r of all
non-skin cancers in Hawaii between 1973 and 1977.
Native Hawaiians and those of Chinese descent who live
in Hawaii have also shown high rates. A similarly high
rate was reported to be nearly 2°A among female Melane-
sians over 25 y of age (Ballivet et al. 1995). The thyroid
cancer prevalence in female Marshallese is similar to
these values.

The likelihood of an enhancement in the nodule and
cancer rates in this study, relative to most reported rates.
was considered as a result of our intensive screening.
That phenomenon was demonstrated by Ron et al. ( 1992)
who reported a 7-fold increase in cancer rates and a
17-t’old increase in nodule rates when screening followed
public announcements for examinations and publicity
concerning the relationship of thyroid disease to head
and neck irradiation. Due to our screening efforts, some
enh:incement of the cancer rate has certainly occurred
relative to most nationally reported thyroid cancer statis-
tics. Presently it is not possible to know the extent of this
effect among the Marshaltese population. Enhancement
of the cancer rate is primarily of concern in making
comparisons with cancer rates from other countries. The
determination of relationships between disease incidence
and location within tbe Marshall Islands should not be
effected by this phenomenon.

In our study, 73YG (8/I 1) of the cancers confirmed
by histopathology were of the papillary or micropapillary
type; tbe remaining 277P were of the follicular type. This
r~tio generally agrees with observations in Hawaii during
tbe years 1960 through 1984, where 74~e of thyroid
cancers were papillary and 1770 were follicular (Good-
man et al. 1988).

Correlations with environmental radioactivity
Considerable thought has been given to alternative

hypotheses that might explain a decreasing relationship
between nodular goiter and distance from the Bikini test
site. Hamilton assumed that bis results indicated that the
geographic extent of radioiodine exposure was broader
than assumed and that distance served as a proxy variable
for past exposure to short-lived radioiodines. To investi-
gate the plausibility of that hypothesis, we examined
recently acquired radioactive contamination data of the



Marshall Islands from a radiological monitoring program
ofthe entire nation (Simon and Graham 1997). Accord-
ingly, we plotted the mean ratioof 1~7Cs (regionat:global
deposition) against distance from Bikini (Fig. 4). How-
ever, that analysis showed no obvious relationship thus
casting some doubt on the existence of a decreasing
linear dose effect as a function Of dist~n~e. Fur[hermorc,
we plotted age-adjusted prevalence of al] nodular goiters
and palpable nodules only against the ratio of 137CS
(regional: g]obal deposition) and, similarly, there was no
obvious reltitionship.

It should be noted that the magnitude of environ-
mental i ‘7CS is not a perfect proxy variable for rudioi(~-
dine exposure. The primary determinant of radioiodine
dir concentrations that might lead to individual exposure
is the cloud tr~nsit time from the point of the explosion
to the inhabited location. Secondary parameters that
determine the bioavailabi]ity of radioiodine include par-
ticle size in the atmosphere, the presence or absence of
rain, etc. Variations in tramsit time among different tests
would dramatically affect the radioiodine concentration
of the cloud but would have little effect on the 1{7CS
concentration because of the difference in their physical
half-lives. Yet. for locations with near equal transit times,
[he 137CS should be highly correlated with the past
radioiodine deposition, particularly 1-~11,the longest lived
of the short-lived suite.

We did observe, however. a reltitionship between
the excess ‘37CS and angle (as measured clockwise from
a E-W line); the relationship decreases in a curvilinear
fashion from (Y’to about 300 where it levels out at a value
of approximately 1.(). This indicates that the cloud’s
direction of tra~el was not highly correlated with straight
line distance in all directions. It is known, for example.
that the cloud likely initially moved in the east direction.
but then may have veered southerly with lower air
concentrations as a result of ditution and decay. The fact,
however. that 0 was not significant in the logistic
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Fig. 4. Mean (}( regi[)n;ll fullout:gl~~b:~lf:lll{)ut ‘37CSdept)sition in

:itolls [Is :1 luncti(~n of dist:[ncc (kn]) fron] Bikini At(>ll (d:i[~i I’rotn
Silnon and Grah;un 1994, 1997),

regressl(~n ]ends little support to this variable as an

explanatory cause for the pattern in thyroid disease.

Diet and other risk factors
A number of risk factors in addition to ionizing

radiation may be related to the high cancer rates, There is
accumulating evidence that populations resident on is-
land countries, in particular those in the tropical waters of
the Pacific, have higher than normal incidence rates for
thyroid cancer despite earlier observations of little ethnic
difference in r~tes (Ron and Modan 1982). These obser-
v~tions may be related to diet as well as other factors
peculiar to island life.

Diet is considered as a plausible risk factor (Kolonel
et al. 1990), in particular, where the consumption of high
iodine seafood is common. Seafood based diets have
showed positive risk associations to thyroid cancer in a
number of studies (Kolonel et al. 1990; Ron et al. 1987;
and Preston-Martin reported by Henderson 1990).

SUMMARY AND CONCLUSIONS

The objectives of this study were ( 1) to examine and
gather data on the frequency of thyroid disease (both
nodulir tind cancerous conditions) in as large of propor-
tion as possible of those Marshallesc alive during the
years of atomic testing, (2) to advise the Government of
the Marshall Islands on the findings from the medical
scrccning program, and (3) to test the hypothesis of
Hamilton et al. ( 1987) Goals ( I ) and (3) arc the main
subject of this report though several other findings are
noteworthy and arc also summarized here.

First, non-palpable nodules tended to be smaller
than palpable nodules although the size distributions of
the palpable and non-palpable nodules show consider-
able ovcrltip. This finding implies that unassisted palpa-
tion may not be successful in finding the smtiller nodules,
which can be only palpated after directing the physicitin
to the location by ultrasound.

Ultrasound was shown to be a viable technique even
in tropical and primitive environments as the devices can
be successfully powered by small, portable electrical
generators. The advantages of ultrasound are that it can
supplement palpition by providing objective measure-
ments of the size of lesions tind can photographically
record the examination for later review. In the hands of
experienced practitioners, ultrasound can nearly equal
the reliability of FNA biopsy for predicting a cancerous
condition. Comparison of our findings from the 1993 and
1996 examination phases demon striited that the original
diagnoses were generally verified.

The prevalence of palpable nodules was highest in
the Ebeye BRAVO cohort ( 16Yc), about 20%1 lower in the
EOT cohort, and about 85CA lower in the AT cohort.
Most of the difference in the AT cohort is undoubtedly
due to their younger age, though the difference is
dramatic enough to suggest that other factors might be
involved. Radiation exposure may be one of several
factors involved.

The prevalence of non-palpable nodules were sim-
ilar among all three age cohorts but were moderately
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Table 9. Cnrnparis{>n between study of Ebeye BRAVO cuhc)rt and Hamilt{m et uI. ( 1987). Results are given
ft~r palpable nodules only excep( where n{)ted ond for thnse otnlls which were included in euch study.

Cc~h(>r(of Hamih(~n
Eheye BRAVO ct)h(~rt c1 111.( 19X7)

Si~e ut cuhurt
L[)catiun of study

Pr[~xy v:]rifihlc !’nr radioi{}dine expnsure

Number of residence att~lls UI study \ubjccts
in 1954

Descripti(ln of mcdic:il cxanlinati(ms

Definition (~f thyruid nodule

Crude prey alence rate
Range of prev~lcnce ut palpahlt n(~dules

exclusive uf R(lngelap mrd Utrik (01)
Estimate ut’ prcv~llcnce in Mili and Ebun

Atolls ((k )
Odds m(io t’enltile/nlulc
Chi-squ:lre test ut homogeneity” in

prevalence mnc)ng ;ttnlls cxclu~ive (it’
R{)ngelap and Uirik

Pelrfon correlatimr c(~et’llcicnt bclw cen
Jg~-ldJUstedpre\iLlcncc (!\’eightcd) and
Llistimcc t’runl Bikini

Slalislicolly signiricmll predictor terms in
Iogiitic regres~ion mudcl

815
Eheye Island, Kwujldein

Atull
Re\idcnce in 1954; present

day envirunment:d ‘“CS
mc:t~urement \

21

P~ilp:Lti[Jn,ultr~scm(~gr~lphy,
FNA hiupsy. histnl(~gy

Visibility on ulti-asound,
\(llit:lry /multiple

I6.?
()-36,4

12,5 (4/32)

2.1
~~ = 34.1): df = 15,

/~ < ().()()3 (fill nudules )

r = –().4? (I7 = ().08) Ior
Hmnilt(>n atnlls:
F = –().37 (/) = ().()6) fur
:111u(OIISof Ebeye ct)hc)rt

Age. sex, distunce
(/, = ().()7)

~,~73

Present day residence
Utolls

Residence in 1954

14

Palpatimr

st)litary. p:ilpable.
> I .() cm di~mletcr

6.2
().9-1().6

2,45 (9/370)

3.7
x? = 23.45, df = I 1.

/1 < (),(125

/’ = –().65,
/) < ().()()2

different from palpable nodule rates in the EOT and AT
group. The rate of non-palpable lesions was virtually the
same in the BRAVO cohort ( 16VC) as for palpable
nodules, about 107r higher in the EOT cohort, and about
twice as high in the AT cohort. This availability of such
data is uncommon and is undoubtedly valuable as a
description of the progression of thyroid disease with age
in an island population.

The prevalence of palpable nodules that we ob-
served in Ebeye ( 16.27c) was more than twice that noted
by Hamilton et al. ( 1987) (6.2% crude prevalence rate)
when averaged over all the atolls of residence in 1954.
The use of ultr~sound to direct physicians in locating and
palpating nodules is the primary explanation for the
differences in the two screening programs, aging of the
population being a secondary cause.

The results of statistical analysis and hypothesis
testing for the population in this study are suggestive of
relationships similar to that observed by Hamilton et al
( 1987). A summary of the results from the Ebeye
analysis and the analysis of Hamilton et al. is shown in
Table 9. Because of the suggestion that location of
residence during the testing era may be related to nodule
prevalence, further analysis of the incidence and casual
factors of thyroid disease among Marshallcse appears to
be a worthwhile endeavor.

An examination of the relationship between present
day 137CSconcentrations in the environment and distance
from the Bikini test site did not shed any light on
radioactive contamination as a causal factor. No relation-

ship was obvious between the variables examined al-
though it is understood that only for locations of equal
fallout transit time would the radioiodine concentrations
be expected to be highly correlated with cesium.

Though we were not able to confirm the Hamilton
hypothesis with a high level of statisticfil significance,
there is also no evidence to disprove it. Moreover, our
data on nodule prevalence with distance show similar
trends to those observed by Hamilton. Our interpretation
is different, however, in that we found present levels of
137CS and distance to show no relationship which is
suggestive of radiation exposure as a causal factor. Two
possibilities to explain this phenomenon might be cort-
sidered. The first deserves the tnost attention becuuse it is
the most plausible: ( 1) even though there is no relation-
ship between cesium levels and distance, there may be a
functional relationship between radioiodine exposure and
location though it very well might not be a relationship
that is linear with distance; or (2) there is another
phenomenon that is responsible for induction of thyroid
abnormalities, and it is also distance dependent. It is
difticult to conceive of plausible risk factors that might
be distance dependent though the iniluence of diet and
dietary (stable) iodine intake must be considered. Either
iodine deficiency or excess might be responsible for
unusual thyroid responses in island inhabitants. If, for
example, the intake of seafood differed atnong the atolls
because of differences in fish availtibility, a deficiency
might have been occurred in one group relative to
another. In some other atolls, an excess might have



occurred for the opposite reasons. Such hypotheses
require further study.

Presently, we believe that it is reasonable to proceed
with our current plans of reconstruction of exposures to the
individuals we have examined for thyroid disease in the
Marshall Islands. Such an effort will necessarily rely on
residence history data for each individual and historcal
monitoring data, which will require both careful interpreta-
tion and probably some degree of interpolation to cover all
locations and all time periods. Until such detailed examina-
tions are complete, the cause of high r~tes of’ thyroid
nodules and cancer and their relationship with locations of
residence remains without adequate explan:ition.

A[k}~()!\/{,(/,q/;/(,Ir/,\-We :lre g~~tetrll I’or ltlc wolldeCt’Ulhc[fJulldC(lOpCl-ll-
liun {~ftbe entire \I~!lt’of Ihe Eheye Health Services :ind Ebcye Hospiitil,
~bove fill, Dr. Alun C. Talerrs. Irene A. Paul, Al{heu Philip and R;lchcl
Matlhcws. Wilhc)u[ [he unl,iiling support tind encouragenlcnt 01 Pcler
Oli\er, lhii study $~{)uldnever Ililve succeeded. The \tudy which began [he
planning stages in 1990 wtis fin;ulced Ibrough 19~)5by the M;irshtill I\l:ulds
Nati{~nwide Ri(dic)]ug!ctil S{udJ, :uld in 1996 by gr:urls lronl the Japiu)csc
Gc~\emnlcnt to T[)h(,ku Llniversi(y. Scndui. J~pan. iuld t’ronl [he Rcpuhlic
ut lbe Mtirsh;lll Island\ Govcmnlcnt. M. I.S, WLISsuppt)rled try the European
Conlnlis\ion lhruugh an ERPET grant. Wc ~lpprcciil(c [he asiis(ance of the
Sclen(i!’ic Advisory P;ulel tu the N~ti(]nw idc R~di(]logical Study in cl~lri-
f} ing the inlpc)r(ance ut ttlc \[udy durin~ its e;~rly \t:ige\. The ~ucccs~ion of
ut’ficers who have tilled the posi[iun of Mar\h:lll lsliu]d~ Secrel:iry of
Health each pru~idcd tin inlp{)rtarrt element tu ensure II)C \ucce\s of the
study: these individu:lls included M~irie M:idi\c)n, Kinjo Andrihc UIICI

Don;Ild Capelle, Nunlcrt)us Murshfillese ussistcd in interview i, Lr:lnsl;l(i{)n,
urnulging Iogistici and cncourtlging conln]unily piirticiptltion. Without

their :liiis[;u~ce, the study could Inot have been \ucce\\t’ul. Andy Burchert
of (he N:iti(lnwide Radiul(~gic:il S{udy aisisted with h]gistics, d~tttibase
nl:u)ilgenlcn{ and other l~lbur~]~t)rydutici. Wc ptirticularly Jchn[)wledge tlle
ct)nlnlilnlerrt ~ind skill t)! T~ttsuh(J Konnu who sel up o cytt)l(~gy labtJrat(lry
wi(hin the exanlin:lti(~n roonl° ~nd pr(~vidcd efficient iuld first qu;ili[y
cytult)gy ser\ ices which were essential Ior the succeis of the study, Wc
thtink Sir Oilwyn Willi~n~\, Cilnlbridge LIK t’c~rhis help :uld adk ice with the
histol]a(hol(~gictil” clussit’ic:i[ion 01 the srrrgic;il spccinlcns. Fin;illy, WC~~re
gra~ct’ul t{) the M~r\htillc\e wht) p:lrticip~ted in this \tudy for their
co(~per:lti(ln :Ind patience,
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